The usual range of new particle masses, up to a few TeV, searched for at the LHC may be substantially extended if ultraheavy diquark particles exist. A diquark scalar, S uu , that interacts perturbatively with two up quarks may be as heavy as 10 TeV and would still produce tens of spectacular events at the 14 TeV LHC. It is shown here that an ultraheavy S uu could be discovered through final states of very high energy in various channels, especially if the diquark can decay into other new heavy particles. Examples include cascade decays of S uu via a second scalar produced in pairs, which leads to two dijet resonances, or to more exotic signals with top quarks, Higgs bosons, electroweak bosons, and high-p T jets. Another possibility is that the diquark decays into a vectorlike quark of multi-TeV mass and a top or up quark. Signal events include one or two highly boosted top quarks and a Higgs boson or a Z, without counterparts containing top antiquarks. Similarly, direct decays of the diquark into tj or tt with leptonic top decays involve only positively charged leptons.
A diquark of mass near 10 TeV
The analyses of the data sets from the LHC proton-proton collisions at a center-of-mass energy of 13 TeV, by the ATLAS and CMS collaborations, have so far confirmed the predictions of the Standard Model. The LHC energy is soon going to be increased to 14 TeV. This 8% increase might seem modest, but it may lead to substantially larger production cross sections of various processes if there exist certain new particles of masses near the kinematic limit of the collider.
This effect is most intense in the case of the hypothetical particles called diquarks [1, 2, 3] , which have the special property that can be produced in the s channel by two incoming quarks. Given that the parton distribution functions (PDFs) [4, 5, 6] of the valence quarks in the proton are much larger than those of the antiquarks, the diquarks may be produced much more copiously than other particles beyond the Standard Model (SM), such as the Z or W bosons, that couple to a quark and an antiquark.
Scalar diquarks can easily be included in renormalizable theories beyond the SM. Furthermore, these spin-0 states can be embedded in various theories, including some grand unified theories [7] . By contrast, spin-1 diquarks [8] are not well-behaved in the UV unless some complicated gauge symmetries or perhaps some form of compositeness are introduced. As such UV theories have not been identified yet, it is preferably for now to focus on diquarks of spin 0.
Among the scalar diquarks, the color sextet of electric charge 4/3, labelled S uu , has the highest production cross section for a fixed coupling to quarks [9] , because it is produced in the collision of two up quarks. The PDF of the up quark is about six times larger than that of the down quark when the momentum fraction of the parton is x ≈ 0.5, which is necessary for producing a 10 TeV resonance in 14 TeV pp collisions.
To be concrete, the production cross section of an ultraheavy S uu diquark scalar of mass M S = 10 TeV and coupling y uu = 1 is approximately 0.03 fb [9] at the 14 TeV LHC. Depending on the decay modes, this may be large enough for discovery even with a fraction of the ultimate data set, which is expected to be 3000 fb −1 . For comparison, the production cross section at 13 TeV is smaller by a factor of 10, so the energy upgrade is essential for probing a 10 TeV diquark.
The main question to be addressed in order to search for this S uu particle is what are its decay modes. This paper discusses several different final states that can be generated by an ultraheavy diquark. If the only new particle within the LHC reach is S uu , then the constraints from flavor-changing processes indicate that the most likely final states are tj, tt and jj, where j is a hadronic jet, originating in this case from an up quark. The events with top quarks are peculiar, as these are extremely boosted, and there are no similar events with top antiquarks (see Section 2) .
If additional new particles are lighter than S uu , then many more final states can be produced. As there is no leading candidate for a theory describing the 10 TeV scale, one should be prepared for many possibilities. An interesting framework discussed recently [10] is the so called "scalar democracy", which assumes that at various mass scales there exist scalars associated which each fermion bilinear in the SM. Even though [10] focused especially on quark-antiquark states, it is interesting to consider the presence of all bilinear scalars. Among those, the one that would likely be discovered first is the S uu discussed here, because it can be produced with the largest cross section given a certain mass and coupling. Nevertheless, the other scalars may also be present, and may modify the properties of S uu .
In particular, if a second heavy scalar, of electric charge 2/3 and labelled S 2/3 , exists and is lighter than M S /2, then S uu may have a cascade decay via two of those. When the lighter scalar behaves as a diquark (see Section 3.1), the LHC signal is an interesting 4-jet final state that may be the origin of a striking event observed by CMS [11] at an invariant mass of 8 TeV. Further studies in this direction are necessary, especially since the dedicated searches [12] for a pair of dijet resonances have not yet required that all four jets form a peak.
An alternative model is that where the S 2/3 scalar has suppressed couplings to quarks, so that its dominant decays may be due to higher-dimensional operators. A simple UV completion (see Section 3.2), leading to various final states, such as (W +t j)(h 0b j) or (h 0b j)(Zbj), where h 0 is the SM Higgs boson and the parentheses denote resonances.
Another possibility is that a vectorlike quark, χ, of electric charge 2/3 couples to S uu , and there is no other new scalar. For a vectorlike quark mass below M S /2, the diquark can decay into two vectorlike quarks. This scenario was analyzed in [9] , where the vectorlike quark was assumed to decay into two jets, providing an interpretation of the CMS 4j event at a mass of 8 TeV. The dominant decays of the vectorlike quark may instead be the standard ones [13] , χ → W + b, Zt and h 0 t. In that case the discovery of S uu and χ would occur in final states that are related to those of existing vectorlike quark searches [14, 15] , but include only positively-charged leptons (since they arise from χχ and not χχ) and are much more boosted.
The decay of S uu into a single vectorlike quark (see Section 4) and a SM quark would be even more interesting, as it would be sensitive to a heavier χ. In particular, this would open an unique window for certain Composite Higgs models [16] where χ is expected to have a mass above 6 TeV. Searches for events of the type pp → S uu → χ u → (h 0 t)j or (W + b)j would thus be well motivated. It is also worth exploring exotic decays of the vectorlike quark [17] , which may lead to distinctive topologies, for example with two highly boosted top quarks (not ) plus two b jets arising from the pp → S uu → χt → (tbb)t process.
Direct signatures of the S uu diquark
The scalar diquark S uu transforms under the SU (3) c × SU (2) W × U (1) Y gauge group as (6, 1, +4/3) . These gauge charges are the same as those of a pair of right-handed up-type quarks, which means that in the Lagrangian S uu couples only to pairs of right-handed up-type antiquarks. The flavor diagonal couplings of this type are given by
where the i and j indices on the quark fields label the triplet color states (i, j = 1, 2, 3), the upper index n on the scalar field labels the sextet color states (n = 1, ..., 6), and the upper script c on the quark fields denotes the charge conjugated field. The parameters y uu , y cc and y tt are Yukawa couplings, while the coefficients K n ij are products of SU (3) c generators [18] , which can be written as follows:
where = 1, 2, 3, and = ( + 1) mod 3.
The interaction of S uu with charm quarks in (2.1) leads to ∆c = 2 processes, so it is constrained by measurements of flavor-changing processes. The most constraining process in this case is D 0 −D 0 meson mixing, which sets an upper bound on the |y uu y cc | product. For a given y uu and diquark mass M S , the limit on Yukawa coupling of the charm quark to S uu is [19] 
(2.3)
Since the production of an ultraheavy S uu at the LHC may occur only for |y uu | 0.1, the above limit implies that |y cc | is a couple of orders of magnitude smaller than |y uu |, and may be ignored in what follows.
The smallness of the charm coupling may be due to a flavor symmetry. A simple example is a global symmetry, such as a U (1) or a Z n group, acting on the c R field. If the other quark fields are singlet under that symmetry, then not only y cc can be neglected, but also the S uu interactions with c u or c t are suppressed. Thus, the only flavor off-diagonal coupling of S uu that could be sizable is to the up and top antiquarks (i.e., the coupling that allows the S uu → u t process):
The factor of 1/2 from the diagonal couplings (2.1) is not present here because it is conventional to include it only for interactions that involve two fields of the same type.
If the only quark field charged under the global symmetry is c R , then its SM Yukawa coupling to the Higgs doublet H is forbidden, and the charm quark mass m c will need a different origin than the other quark masses. An example is the dimension-5 operator
L is the SM quark doublet of the second generation, and φ c is a scalar field with a VEV and the same charge under the global symmetry as c R . This leads to a suppression of m c that may explain the hierarchy between the top and charm masses. However, the smallness of the up quark mass compared to m c would need a separate explanation.
Another example of charm mass generation is a model with two or more Higgs doublets, in which only one of the doublets (H c ) carries the same charge under the global symmetry as c R . Then the Yukawa interaction H ccR Q 2 L gives m c , while the top mass arises from the coupling to a different Higgs doublet whose VEV is the dominant source of electroweak symmetry breaking. Both models mentioned above as possible origins of m c would allow y ut and y tt to be of the same order as y uu . Alternatively, the flavor symmetry may prevent the interaction of the diquark with both the charm and top quarks, as described in [9] . In that case only u R and S uu are charged under it, which would explain why the up quark is so light compared to m c . Such a symmetry would imply y ut , y tt y uu . Even then, the flavor symmetry may be only approximate, so y ut or y tt might eventually be phenomenologically relevant.
If there are no other new particles lighter than S uu , then the only 2-body decay modes are into two up-type quarks. There are three decay modes, S uu → uu, ut, tt, and their branching fractions are:
where the top mass has been neglected since m t /M S 1. The total width of S uu into quark pairs at leading order is
Note that S uu is a narrow state, with a width-to-mass ratio below 4% for y1.
The decay S uu → uu is unavoidable if S uu is produced at a large rate, and leads to a dijet resonance signal. Even though the QCD background is typically large for dijet searches, a narrow resonance at a mass as large as 10 TeV can be discovered with only a few events at the LHC [9] .
In the S uu → u t and t t channels, the top quarks are so highly boosted that when decaying hadronically they would look like a narrow jet without a 3-prong substructure.
Thus, the dominant signal in these channels is still a dijet resonance. In the case of
to top boosting. Interestingly the signal consists entirely of positively charged leptons [1] . The reason is that the production cross section for S uu is larger by about two orders of magnitude than that for its antiparticle because the PDF for u is highly suppressed compared to that for u at large x. Thus, pp → S uu → t t gives rise to two top quarks, as opposed to a top-antitop pair as assumed in usual tt resonance searches. Even more unusual is the pp → S uu → u t signal, where there is a single top quark produced in association with a very high-p T jet, and no similar events with at would be observed.
3 Diquark decays into two S 2/3 scalars As discussed in Section 1, if a scalar like the S uu diquark exists, it is reasonable to expect that other new scalars are also present, and have masses of roughly the same order of magnitude as the mass M S of S uu .
Consider a model where in addition to the S uu diquark there is a color-triplet scalar S 2/3 of electric charge 2/3. More precisely, S 2/3 transforms as (3, 1
Then a trilinear scalar coupling involving the diquark and two charge-conjugate S 2/3 fields is allowed by the SM gauge symmetry:
where m 3 is a mass parameter and K n ij is given in (2.2) . If the mass of S 2/3 satisfies M 2/3 < M S /2, then the above interaction induces the decay of S uu into two S 2/3 scalars with the following leading order width
For m 3 of the same order as the diquark mass, this decay has a sizable branching fraction, as can be seen in Figure 1 The production cross section for S uu has been computed in [9] . The PDFs at very large x 0.3, which is the region of interest for ultraheavy resonances, have substantial uncertainties. As an example, for the production of an S uu with mass of 10 TeV at the 14 TeV LHC, the PDF set MMHT [4] gives a next-to-leading order (NLO) cross section smaller by 12% than that obtained with the CT14 set [5] , and the 1σ uncertainties given by the CT14 set are approximately 15% [9] .
The central value obtained with the CT14 set at NLO is σ(pp → S uu ) ≈ 3.1 × 10 −2 fb y 2 uu for M S = 10 TeV. Thus, for that mass and y uu = 1, the LHC would produce about 90 events originating from the decays of S uu . Independently of the S uu decay mode, each of these events would be spectacular and almost background free due to the huge p T 's of the final state objects. The efficiency of the selection cuts would depend on how the searches are performed, but in principle the majority of these events may pass the selection criteria. The pair production of S 2/3 is shown by the solid blue line. Since the top quark is extremely boosted in the pp → S uu → ut process, its hadronic decay looks like a narrow jet, so the rate for this process is added with the one for pp → S uu → uu to obtain the dijet rate, shown by the dashed red line. The cross section for pp → S uu → tu → ( + νb)j, where = e, µ, is given by the dotted black line. It is worth reiterating that the S uu discussed here is a narrow resonance: its total width Γ S is the sum of Γ(S uu )and Γ(S uu → S 2/3 S 2/3 ) given in (2.6) and (3.2), so the width-to-mass ratio is Γ S /M S ≈ 1.8% at leading order for the values of the parameters used in Figure 1 .
Since the S uu diquark has a coupling of order one to two up antiquarks, shown in (2.1), its baryon number must be B = 2/3 (using the normalization where all SM quarks have baryon number 1/3), while its lepton number is L = 0. As the trilinear coupling (3.1) is also assumed to be large, the S 2/3 scalar must carry B = 1/3 and L = 0. Even though the global symmetries associated with baryon or lepton numbers may be broken, it is useful to keep track of them as there are some experimental limits on how large these symmetry breaking effects may be.
S 2/3 as a diquark
The gauge quantum numbers of S 2/3 allow it to couple to two down-type quarks, so S 2/3 may behave as a diquark. However, those couplings are totally antisymmetric in color indices, so they vanish unless the two quarks have different flavor. Thus, the most general renormalizable terms in the Lagrangian that couple the S 2/3 scalar to SM fermions are
where i, j, k are the color indices of the triplet fields. The Yukawa couplings y ds , y db and y sb are free parameters which determine the widths for the three decay modes: S 2/3 →ds, db andsb. All these decays are into two hadronic jets, with two of them including a single b jet.
The main process of interest at the LHC is then s-channel production of the ultraheavy S uu diquark, followed by its decay into two S 2/3 scalars, with each of them forming a dijet resonance (see the first diagram of Figure 2 ) of mass equal to M 2/3 . The invariant mass of the four jets is given by the S uu mass, M S . This process,
offers a simple interpretation for the event reported by CMS [11] , in which two pairs of jets, each of mass near M 2/3 ≈ 1.8 TeV, form an invariant mass of 8 TeV. A different interpretation, also based on a diquark with mass of 8 TeV, was given in [9] , where it is shown that the production rate is large enough when the coupling y uu is around 0.3. The QCD background that includes four jets of very high p T with the appropriate topology is low, with the probability of producing the 8 TeV event below 10 −4 . Nevertheless, a fluctuation of the background may be responsible for the observed event, especially since there is a large look-elsewhere effect. The model with the S uu and S 2/3 diquarks is interesting independently of whether other similar events at 8 TeV will be observed, so in what follows M S will be taken to be a free parameter near the 10 TeV scale.
If y ds is much larger than the other two Yukawa couplings, then the predominant decay channel of S 2/3 isds, so the process (3.4) does not include any b jets. In the opposite Figure 2 : LHC processes with production of the S uu diquark followed by cascade decays via a pair of S 2/3 scalars, in two models. Left diagram: S 2/3 couples to down-type quarks as in (3.3) , resulting in two dijet resonances of equal mass. Right diagram: S 2/3 undergoes 3-body decays induced by a vectorlike quark, which has been integrated out and couples as in (3.6) . Searches for neutron-antineutron oscillations do not directly constrain these types of operators, as they always involve second or third generation quarks. The first operator, though, is constrained by the process pp → K + K + , as was pointed out in [20] . A very strong limit on this process was set by the Super-Kamiokande collaboration [21] . However, the dimension-9 operator uudsds, which is obtained from the first diagram of Figure (2) after the scalars are integrated out, is suppressed by 5 powers of the 10 TeV scale. A comparison of an operator obtained in [22] , which is used by [21] as a benchmark, with the first operator of (3.5) gives an upper limit on |y ds | of about 10 −5 for m 3 ≈ M S ≈ 10 TeV, M 2/3 ≈ M S /4, and y uu ≈ 1. This limit on y ds , while significant, is not affecting the collider phenomenology discussed so far.
Only when y ds , y db and y sb are all below roughly 10 −7 the decay length of S 2/3 becomes macroscopic, and the LHC signatures are dramatically affected. The process pp → S uu → S 2/3 S 2/3 then leads to two highly-ionizing tracks, each ending at a displaced vertex where two hadronic jets originate.
Although the interactions (3.3) are flavor violating, there are no contributions from tree-level S 2/3 exchange to neutral kaon mixing, or to ∆b = 2 processes. There are however tree-level contributions to the b → sdd and b → ssd transitions. These impose some mild constraints on the products of Yukawa couplings. As mentioned above, from the point of view of collider phenomenology, those constraints from flavor processes may be ignored because the overall normalization of the Yukawa couplings can be extremely small without changing the decay modes of S 2/3 .
Exotic decays of S 2/3
Another possibility is that the renormalizable couplings of S 2/3 are highly suppressed, but some couplings due to higher-dimensional operators are large enough for the scalar to decay promptly, or inside the detector but with a displaced vertex. There are several possibilities for the decays of S 2/3 . Here only a few higher-dimensional operators are discussed, which originate from a simple UV completion.
Let us assume that a vectorlike quark b of electric charge −1/3 exists and it is heavier than S 2/3 . The mixing between b and b leads to interactions of b with W − t, Zb, and h 0 b. In addition, b may couple to S 2/3 and a SM down-type quark. Let us assume for simplicity that only one of the three couplings of this type is large, corresponding to the Lagrangian term
Integrating out b gives three dimension-5 operators, involving two SM quarks, an electroweak boson, and a S 2/3 scalar. The S 2/3 scalar can then decay (effectively via an off-shell b antiquark) with three leading channels available: S 2/3 →b * d → h 0bd or Zbd or W +td .
There are thus six cascade decays of the S uu diquark:
(h 0b j)(Zbj) , (h 0b j)(h 0b j) , (Zbj)(Zbj) .
The first three, which involve one or two top antiquarks, have branching fractions of 1/4. The branching fraction of S uu → (h 0b j)(Zbj) is 1/8, while the last two modes have each a branching fraction of 1/16. The first process of (3.7) is shown at partonic level in the second diagram of Figure 2 .
While these final states have some similarities with the ones studied in the searches for vectorlike quarks, there are also several important differences. The objects involved in these final states are more boosted, since they originate from an ultraheavy s channel resonance. Second, they all involve two additional high-p T jets. Third, the W bosons that do not originate from top decays have always charge +.
The model described here is sufficiently simple to warrant dedicated searches in the above final states. Due to the boosted topology, a positive signal would allow the reconstruction of the S uu and S 2/3 resonances, as well as an indirect determination of the mass and couplings of the vectorlike quark.
Diquark decays into vectorlike quarks
In order to assess the range of signatures that the S uu diquark may generate, it is interesting to consider now a different model, with the only particles beyond the SM being S uu and a vectorlike quark χ, which has the same SM gauge charges as u R , namely (3, 1, +2/3) .
This model was analyzed in [9] with a couple of restrictive assumptions, namely that χ couples to S uu only in pairs, and that the χ decays into a light quark and a gluon. Here I study more general possibilities consistent with the SM gauge symmetries.
The most general Yukawa interactions of χ and S uu , excluding the charm quark as suggested by the flavor constraints discussed in Section 2, are given by
These are similar to the Yukawa interactions of S uu shown in (2.4) and (2.1), with the main difference that there are flavor-diagonal couplings for both the right-and left-handed components of χ.
If χ has a mass m χ < M S (ignoring again the top mass), then the S uu → uχ and S uu → tχ decays are kinematically allowed. Furthermore, if m χ < M S /2, then S uu → χχ also opens up. The widths at leading order for these decays are
If there is mass mixing between χ and the top quark, then χ has three main decays:
with a branching fraction of 1/2, and χ → h 0 t or Zt, each with a branching fraction of 1/4 [13] . These can be seen as the "standard" decay modes, and are assumed in the searches for vectorlike quarks of charge 2/3.
The decay of S uu via a single χ followed by the standard χ decay can lead to the following final states:
Only top quarks and no antiquarks are produced in these cascade decays, so all the leptons produced in W decays (unless they originate from Higgs decays) have positive electric charge. The very high boosting of the top quarks and electroweak bosons make all these final states to exhibit a 3-prong topology, with each the three objects having a p T of a few TeV or even higher. These features make the channels (4.3) almost background free. For M S = 10 TeV, it is possible to be sensitive to vectorlike quark masses as large as 8 TeV, which is about 4 times higher than the current limits based on QCD production of χχ.
The S uu → χχ decay is also interesting, leading to different six final states:
Again, the vast majority of the events of these types which include leptons have only positively charged ones. Given the higher multiplicity, the boosting may be lower than in events arising from cascades with a single χ.
If the mass mixing between χ and t is negligible, then the vectorlike quark may have exotic decays [17] induced by particles heavier than χ. In this model, such multi-body decays don't even require other new particles, because they can be induced by the S uu diquark. Consider for example the following 3-body decay of the vectorlike quark via an off-shell diquark:
The amplitude for this is proportional to y uχ and y tt . If these Yukawa couplings are not supressed compared to y tχ and y uu , respectively, then the above 3-body channel may be the dominant decay mode of χ. The diquark production followed by its χχ decay then leads to the process pp → S uu → χχ → (t t j)(t t j) . 
Outlook
The LHC exploration of the TeV scale is soon going to intensify, with the plan of increasing the center of mass energy to 14 TeV and accumulating 20 times more data than currently available. Furthermore, many upgrades of the detectors, and continuous improvements of the experimental techniques will make the analyses of the data more efficient.
The renormalizable models studied here show that the LHC data may be used to probe directly not only the TeV scale but also certain scenarios for physics at the 10 TeV scale. Specifically, the ATLAS and CMS collaborations will be able to search for narrow resonances with masses around 10 TeV, by looking in a variety of final states for highly boosted top quarks, Higgs bosons, W and Z bosons and jets of very high p T .
The ideal target of such searches would be a diquark scalar, S uu , which is a color sextet and carries electric charge 4/3, because its production rate is much larger than for other narrow resonances that are predicted in well-defined renormalizable models. Furthermore, S uu may be associated with other exotic particles, whose discovery would take us closer to revealing the underlying theory for physics beyond the SM. Two classes of renormalizable models have been considered. In the first one, besides S uu there is a second scalar, S 2/3 , which may be produced in pairs through the decay of S uu . The most straightforward signature is a 4-jet resonance at the S uu mass, with the jets forming two dijet resonances of equal mass (set by S 2/3 ). This model provides a viable alternative to the possible origins identified in [9] of the striking 4-jet event at a mass of 8 TeV reported by the CMS collaboration [11] .
If the coupling of S 2/3 to SM quarks is suppressed, then it could decay via higherdimensional operators induced by integrating out a very heavy vectorlike quark of electric charge −1/3. In that case, the pp → S uu → S 2/3 S 2/3 process leads to several final states, listed in (3.7) . These may arise from prompt decays, or from displaced vertices, depending on how large are the effects induced by the vectorlike quark.
In the second class of models discussed here, there are only two particles beyond the SM: the S uu diquark and a vectorlike quark χ carrying the same gauge charges as the right-handed top quark. This is similar with one of the models analyzed in [9] , but a more general set of interactions are considered here. Among these, the coupling of S uu to a single χ and a SM quark, and the mixing of χ and t, lead to the final states listed in (4.3) . Other interesting final states, such as 4 top quarks (no anti-top) and two jets, may arise through the pair production of χ in S uu decays, followed by the 3-body decay of each χ via an off-shell S uu .
All the events produced through the cascade decays of the diquark through one or two χ's have the peculiar feature that they involve only positively charged W 's (with a few exceptions, such as events that include a Higgs boson decaying to W W * ). The reason is that the S uu production is two orders of magnitude larger than that for its antiparticle. Even when the only particle beyond the SM is S uu , its direct decays to tu or tt with leptonic W decays would contain only positively charged leptons. Events with very highp T leptons, only of + charge and often inside the cone of a jet, would be a hallmark of an ultraheavy diquark.
The studies presented here deal with only some of the cleanest signals due to an ultraheavy boson at the LHC. Ultraheavy particles other than the S uu diquark, such as diquarks with different quantum numbers, colorons, W or Z bosons, may also open a window into physics at the 10 TeV scale, and should be intensely searched for by the experimental collaborations.
